We report the cDNA cloning of SREBP-2, the second member of a family of basic-helix4oop-helix4leucine zipper (bHLH-Zip) transcription factors that recognize sterol regulatory element 1 (SRE-1). SRE-1, a conditional enhancer in the promoters for the low density lipoprotein receptor and 3-hydroxy-3-methylglutaryl-coenzyme A synthase genes, increases transcription in the absence of sterols and is inactivated when sterols accumulate. Human SREBP-2 contains 1141 amino acids and is 47% identical to human SREBP-la, the first recognized member ofthis family. The resemblance includes an acidic NH2 terminus, a highly conserved bHLH-Zip motif (71% identical), and an unusually long extension of 740 amino acids on the COOH-terminal side of the bHLH-Zip region. SREBP-2 possesses one feature lacking in SREBP-la-namely, a glutamine-rich region (27% glutamine over 121 residues). In vitro SREBP-2 bound SRE-1 with the same specificity as SREBP-la.
in the promoters for the low density lipoprotein receptor and 3-hydroxy-3-methylglutaryl-coenzyme A synthase genes, increases transcription in the absence of sterols and is inactivated when sterols accumulate. Human SREBP-2 contains 1141 amino acids and is 47% identical to human SREBP-la, the first recognized member ofthis family. The resemblance includes an acidic NH2 terminus, a highly conserved bHLH-Zip motif (71% identical), and an unusually long extension of 740 amino acids on the COOH-terminal side of the bHLH-Zip region. SREBP-2 possesses one feature lacking in SREBP-la-namely, a glutamine-rich region (27% glutamine over 121 residues). In vitro SREBP-2 bound SRE-1 with the same specificity as SREBP-la.
In vivo it mimicked SREBP-la in activating transcription of reporter genes containing SRE-1. As with SREBP-la, activation by SREBP-2 occurred in the absence and presence of sterols, abolishing regulation. Cotransfection oflow amounts of pSREBP-la and pSREBP-2 into human embryonic kidney 293 cells stimulated transcription of promoters containing SRE-1 in an additive fashion. At high levels transcription reached a maximum, and the effects were no longer additive. The reason for the existence of two SREBPs and the mechanism by which they are regulated by sterols remain to be determined.
A 10-base-pair (bp) element in the 5' flanking region confers sterol sensitivity upon the genes encoding the low density lipoprotein (LDL) receptor and 3-hydroxy-3-methylglutarylcoenzyme A (HMG-CoA) synthase. This element, sterol regulatory element 1 (SRE-1), enhances transcription when cells are depleted of sterols, and loses its activity when sterols accumulate (1, 2) . This feedback mechanism allows cells to satisfy their cholesterol requirement from receptormediated uptake ofplasma lipoproteins and from endogenous synthesis, while preventing sterol overaccumulation during periods of reduced demand (3) .
In recent studies a group of SRE-1-binding proteins (SREBPs) were isolated by DNA affinity chromatography from nuclear extracts of human HeLa cells (2, 4) . Upon SDS/ polyacrylamide gel electrophoresis, the proteins clustered in the range 59-68 kDa. The specificity of DNA binding was confirmed by the demonstration that binding correlated with transcriptional activity in a series of 16 point mutants in the SRE-1 and surrounding sequences. Each of the proteins bound to the 7 point mutants that were transcribed in vivo, but they failed to bind to 9 point mutants that were not transcribed (2, 4) .
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Sequences of six peptides were obtained from a mixed preparation of SREBPs, and a cDNA that encoded a protein containing five of the peptides was isolated (5) . The protein, designated SREBP-1, is a member of the basic-helix-loophelix-leucine zipper (bHLH-Zip) family of transcription factors. SREBP-1 and its bHLH-Zip domain were produced by recombinant methods and shown to bind SRE-1 with perfect specificity as defined by the 16 point mutants (5) . A cDNA encoding SREBP-la activated transcription of reporter genes containing the SRE-1 when introduced into simian CV-1 cells or human embryonic kidney 293 cells by cotransfection. Surprisingly, SREBP-la activated transcription in sterolloaded cells as well as in sterol-depleted cells, thus abolishing sterol suppression (5) .
The SREBP-la mRNA encodes a protein of 1147 amino acids (Mr 121,666), which is much larger than the proteins purified from nuclear extracts (5 Fig. 1 ). Immunoblot analysis was performed (5) with the ECL Western blotting detection kit (Amersham). Gel mobilityshift assays were carried out with a PCR-generated 32p_ labeled DNA probe containing two copies of wild-type or mutant repeat 2 + 3 elements of the LDL receptor promoter (4, 5) . Reporter chloramphenicol acetyltransferase (CAT) genes are described by Yokoyama et al. (5) . cDNA Cloning ofHuman SREBP-2. To obtain a cDNA probe corresponding to peptide 4 of purified SREBP (SFTQVTLPS-FSPSAASPQA) (5), we synthesized four pools of degenerate oligonucleotides comprising 5'-TT(T/C)ACICA(A/G)GT(T/ A/G/C)AC(T/A/G/C)(T/C)T-3' based on the NH2 terminus of the peptide and three pools of degenerate oligonucleotides SREBP-2 SREBP-la SREBP-2 SREBP-la comprising 5'-GC(T/C)TGIGG(T/A/G/C)(G/C)(A/T)(T/A/ G/C)GC-3' based on the COOH terminus of the peptide. The 12 primer pairs were used in all combinations in a two-step PCR (94°C/50°C) to amplify template DNA purified from a HeLa AgtlO cDNA library (Clontech). One primer pair, 5'-TT(T/C)ACICA(A/G)GT(C/G)AC(T/A)(T/C)T-3' and 5'-GC(T/C)TGIGG(A/T/G/C)GA(G/C)GC-3', yielded a 53-bp insert that was subsequently isolated from a polyacrylamide gel, reamplified, and subcloned into the pCRII vector in a TA cloning kit (Invitrogen). The translated nucleotide sequence matched peptide 4. Two partially overlapping pairs of oligonucleotides based on the 53-bp insert sequence (5'-GGTCACATTACCTTCCTTCTC-3'/5'-TTCCTTCTCTC-CCTCGGC-3', and 5'-GGAGGCCGCCGAGGGAG-3'/5'-CGAGGGAGAGAAGGAAGGTA-3') were used together with forward and reverse primers of AgtlO (New England Biolabs) in an anchored PCR (5) performed with a "touchdown" program (7) to amplify the adjacent sequences of the insert from the HeLa AgtlO cDNA library. Fragments of 168 and 348 bp were amplified from the 5' and 3' ends ofthe insert, respectively. The two amplified fragments were 32P-labeled by
SREBP-2 RSRILLCVLTFLCLSFNPLTSLL .QWGGAHDSDQHP. HSGSGRSVLSFES .GSGGWFDWMMPTLLLWLVNGVIVLSVFVKLLVHGEPVIRPHSRSSVTFW 575 (5) . The total amount of cDNA was adjusted to 3 ,ug by addition of pCMV7 (vector control) and salmon sperm DNA. After 2 days the cells were harvested and CAT activity was measured by the xylene extraction method (2) . Protein content was measured by the method of Bradford (9) . Production of Recombinant bHLH-Zip Domain of SREBP-2. The nucleotide sequence corresponding to amino acids 48-403 of SREBP-2 was amplified by PCR, subcloned between the BamHI and HindIII sites of a pQE-30 vector (containing six consecutive histidines after the initiator methionine) (Qiagen, Chatsworth, CA), and expressed in Escherichia coli as described (5) . The resulting fusion protein was purified by Ni2+-Sepharose affinity chromatography (5).
RESULTS
We previously reported the sequence of six peptides obtained from a mixture of SREBPs isolated from HeLa cells (5) . DNA sequences encoding five of the six peptides were found in SREBP-1 (5 applied to a HeLa cell cDNA library, we isolated a cDNA encoding the single peptide (peptide 4) that was missing from SREBP-1 (see Experimental Procedures). The longest of the initial clones, pXH-4, was 4.2 kb long (nucleotides 1-4249) and encoded a protein of 1141 amino acids. This cDNA had a putative 5' untranslated region of 117 bp; it lacked a terminator codon upstream of the first in-frame methionine. To make certain that the first methionine was indeed the initiator, we rescreened the library by using a probe corresponding to the 5' end of pXH-4. The longest clone isolated (pXH-11) was 5.2 kb long and did not encode additional 5' sequence (nucleotides 88-5197). Rather, it extended further in the 3' direction, terminating in a poly(A) tract.
An expressible cDNA was constructed from pXH-4. The sequence of this cDNA, designated pSREBP-2, includes a 5' untranslated region of 117 bp, an open reading frame of 3423 bp, and a 3' untranslated region of 706 bp. We believe that pXH-11 represents a full-length cDNA because its length corresponds to the longest mRNA detected on Northern blots (see below) and because the initiator methionine occurs in a position corresponding to the initiator methionine in SREBP-la (see Fig. 1 ). SREBP-2 contains 1141 amino acids. Residues 91-109 correspond exactly to the sequence of peptide 4 derived from the purified SREBP preparation. Fig. 1 compares the amino acid sequences and domain maps of SREBP-la and SREBP-2. The two proteins share 47% of their amino acids in common, and the identities extend throughout the proteins. In the bHLH-Zip region the proteins are 71% identical, and SREBP-2 shares all of the important amino acids that form the bHLH-Zip consensus. SREBP-2 also shares the histidine, glutamic, and arginine residues (asterisks in Fig. 1 ) that are found in SREBP-1 (5) and that have been implicated in DNA recognition by Max, another bHLH-ZIP protein (10) . Both proteins have a pair of negative residues immediately following the initiator methionine. Although the NH2-terminal ends of the two proteins are only 33% identical, they share an extremely acidic character. The NH2-terminal 51 amino acids of SREBP-2 include 14 negative residues (27%). The first basic amino acid (an arginine) does not occur until position 77. This is similar to the situation with SREBP-la, in which the first basic residue occurs at position 108 (5). The acidic region of SREBP-2 is followed by a region in which serine, proline, and glycine comprise 60% of the residues. The corresponding region of SREBP-la is also rich in proline and serine, but not in glycine. SREBP-2 contains one feature not present in SREBP-1, a glutamine-rich (27%) region at residues 125-246. The COOH-terminal halves of the two proteins share long stretches of identity (49% identical over 684 residues).
The mRNA for SREBP-2, like that for SREBP-1 (5), is expressed in a wide variety of human tissues as revealed by Northern blots (Fig. 2A) . In most tissues the predominant mRNA is 5.2 kb long, corresponding to pXH-11. A less abundant mRNA of -4.2 kb is also seen. We believe that this corresponds to pXH-4 and represents the use of an upstream polyadenylylation signal. The mRNA is also expressed widely in human fetal tissues, as shown in the five lanes at the right of Fig. 2A .
The sequence of pXH-4 was inserted into an expression plasmid under control of the cytomegalovirus (CMV) promoter and introduced into human 293 cells by transfection. Cell extracts were subjected to SDS/polyacrylamide gel electrophoresis and immunoblotting with an anti-peptide antibody directed against SREBP-2. The cells produced a protein of -120 kDa (Fig. 2B) , consistent with the predicted molecular weight of SREBP-2, which is 123,665.
In the LDL receptor promoter the SRE-1 is contained within a 16-bp sequence designated repeat 2 that is immediately followed by a related 16-bp sequence designated repeat 3 (1-3) . Repeat AAAA T CACCC CACT GC t t t t g a t a g g a t a g t a £^.*, * **, '   FIG. 3 . DNA-binding activity of recombinant bHLH-Zip domain of SREBP-2. Aliquots (2 ,g) of the purified recombinant bHLH-ZIP domain of SREBP-2 were incubated in a gel mobility-shift assay (Experimental Procedures and ref. 5) for 20 min at room temperature with the indicated wild-type or mutant 32P-labeled, PCR-derived DNA probe (94 bp). Each probe (4 x 104 cpm per reaction mixture) contained two copies of repeats 2 and 3 with the indicated point mutation in each copy of repeat 2 (4, 5). After electrophoresis, the gel was exposed to Kodak XAR film for 1 hr at -80°C with an intensifying screen. The SRE-1 sequence within repeat 2 is boxed. Lower and upper arrows denote protein bound to one or two copies of SRE-1, respectively (4).
site for another transcription factor, Spl (2, 12) . High-level transcription requires repeats 2 and 3. To test the binding activity of SREBP-2, we inserted a portion of the cDNA encoding the bHLH-Zip region into an E. coli expression vector. The protein was produced with an NH2-terminal extension of six histidine residues that permitted isolation on a Ni2+-agarose column. The purified protein gave a retarded band when incubated with a 32P-labeled oligonucleotide containing two tandem copies of repeats 2 and 3 (Fig. 3) . Binding was markedly reduced or abolished when any one of the nucleotides in the SRE-1 was subjected to transversion mutation with the exception of the C at position 6, which is the only one ofthe SRE-1 mutants that is actively transcribed in vivo (2) . A small amount of binding was observed when the A at position 4 was mutated to a T. This sequence gives rise to low but detectable transcription in vivo (2) . Mutations in the repeat 2 sequences flanking SRE-1 had no effect on SREBP-2 binding. To test the activity of SREBP-2 on gene transcription, we used a mammalian expression vector that produces SREBP-2 driven by the CMV promoter (see Fig. 2B ) and a similar vector that produces SREBP-la (5). These constructs, or a control pCMV vector, were introduced into human 293 cells together with plasmids containing a CAT transcription reporter gene driven by promoters that contain SRE-1. When transfected together with pCMV, plasmid K, which contains two tandem copies of repeats 2 and 3 (2), was transcribed in the absence of sterols and repressed by sterols (Fig. 4A) . Cotransfection with either pSREBP-2 or pSREBP-la markedly enhanced transcription in the absence and presence of sterols, abolishing sterol suppression. This stimulation was not observed with plasmid X, which contains a point mutation that inactivates the SRE-1 (Fig. 4B) . The promoters for HMG-CoA synthase (Fig. 4C ) and the LDL receptor (Fig.  4D) were also stimulated by pSREBP-2 to a similar extent as pSREBP-la. There was no significant stimulation of the promoter for HMG-CoA reductase, which does not contain SRE-1 (Fig. 4E) .
The data of Fig. 4 suggest that SREBP-2 and -la act similarly in stimulating transcription driven by promoters that contain SRE-1. To determine whether the effects were additive, we performed a titration experiment (Fig. 5) . Human 293 cells were cotransfected with Plasmid K plus increasing concentrations of pSREBP-2 alone or together with a fixed amount (0.02 ,ug) of pSREBP-la. As a blank value for the CAT assays, we subtracted the activity observed in the absence of either SREBP, and therefore the data represent the SREBP-stimulated transcription activity. The dashed line in Fig. 5 indicates the CAT activity to be expected if the actions of SREBP-la and -2 were additive. In the absence of sterols, increasing amounts pSREBP-2 gave a nearly linear increase of CAT activity up to 100 nmol min-l mg-1 (Fig. SA,  *) . pSREBP-la by itself increased CAT activity by 40 nmol min-l mg-1. In the presence of SREBP-la, the further addition of pSREBP-2 in amounts up to 0.2 ,g gave an additive effect, reaching a plateau at 80 nmol min-l mg-1 (A). Increasing pSREBP-2 above this level did not produce a further increase in CAT activity. Similar results were obtained in the presence of sterols (Fig. SB) .
DISCUSSION
The current data reveal the primary structure and activity profile of SREBP-2, the second member of a family of CAT activity generated by pSREBP-2 plus pSREBP-la.
SREBPs. The sequence and biologic activities of this protein resemble those of SREBP-la, the previously described member of this family (5 (10, 13) . We have preliminary evidence that SREBP-la can form homodimers and higher-order homomultimers (unpublished data). To date, we have not examined potential interactions between SREBP-la and -2. Each is able to bind DNA independently, as revealed by gel retardation assays using recombinant proteins prepared in E. coli or translated in reticulocyte lysates (ref. 5 ; unpublished data). Moreover, each independently stimulates transcription from SRE-1-containing promoters in transfected cells. The latter conclusion must be tempered because we cannot rule out the formal possibility that the active species is a heterodimer between the protein produced by the transfected cDNA and an endogenous partner.
When transfected together at low concentrations, pSREBPla and -2 produce additive effects on transcription as indicated by CAT assays (Fig. 5) . At higher concentrations a plateau is reached, and additivity is no longer apparent. The simplest explanation is that each protein is capable ofbinding to SRE-1 and activating transcription independently, and that the SRE-1 eventually becomes saturated with one or the other SREBP, limiting any further increase. Whether transfected separately or together, SREBP-la and SREBP-2 abolish sterol suppression.
The one striking difference between SREBP-2 and -la is the glutamine-rich region in the former. Glutamine-rich regions are reported to activate transcription, presumably by interacting with coactivator proteins (14) . Both SREBP-la and SREBP-2 have acidic NH2 termini, which are likely to be transcriptional activating domains. It is possible that the additional glutamine-rich domain in SREBP-2 allows it to interact with an additional coactivator and thereby to produce effects that are different from those of SREBP-la. Although these differences were not apparent in the current study, our experiments were conducted under highly artificial conditions.
The mechanism by which sterols reduce the activities of SREBP-1 and -2 remains obscure. We hypothesize that this control is abolished in transfected cells because some component of the regulatory machinery is overwhelmed by the large amount of SREBP that is produced.
